kilobase transcript in RNA isolated from air-grown cells and from cells grown on 5% CO2 that have been exposed to air levels of CO2. Maximum mRNA abundance was observed after 1 to 3 hours of exposure to air. Transfer of air-grown cells to a high CO2 environment resulted in the elimination of the CA transcript after 60 minutes of exposure. Changes in CA transcript abundance in response to external C, concentrations occurred in the presence or absence of light.
The photosynthetic characteristics ofthe eukaryotic green alga Chlamydomonas reinhardtii as well as many other algae and cyanobacteria are dependent upon the CQ2 concentration experienced by the organism during growth (1, 4, 9, 16) . Cells grown at air levels of C02 (0.03%) have a much higher affinity for inorganic carbon than cells grown at elevated C concentrations (1-5% CO2). In C. reinhardtii, the presence of both CA activity and a C1 transporting system(s) in air-adapted cells results in the formation of a large, photosynthetically available, intracellular C1 pool (2, 3, 21, 23, 24) . This pool appears to eliminate the oxygen inhibition of photosynthesis and permits high rates of photosynthesis at low external Ci concentrations. Cells grown at high levels of CO2 exhibit little CA or C1 transport activity and require a period of time to adapt to air levels of CO2 (3, 7) .
The majority of the CA in air-grown cells of C. reinhardtii is located outside the plasma membrane, either in the periplasmic space or associated with the cell wall (7, 10 ). An intracellular (presumably chloroplast-localized) form of CA is also thought to be required for production of CO2 which is subsequently fixed by RuBP carboxylase (20) . Elegant studies by Moroney et al. (18, 20) , using C. reinhardtii mutants and CA inhibitors with ' Supported by a grant to J. R. C. from the Natural Sciences and Engineering Research Council of Canada. We have shown previously that the adaptation to low, external concentrations of Ci results in the de novo fbrmation of the periplasmic-space-localized CA (7, 8) . Expression of this 37 kD, glycosylated monomer is regulated at the pretranslational level and the polypeptide is synthesized as a 44 kD precursor on 80S cytoplasmic ribosomes (8, 28, 29) .
The role of the periplasmic CA, as well as the site of Ci transport, is uncertain. It has been proposed that the extracellular CA maintains the C02/HCO3 equilibrium, particularly at alkaline pH values, when CO2 is transported into the cell across the plasma membrane (7, 13) . Conversely, recent evidence has suggested that the site of the CQ transporter is the chloroplast membrane and that CQ arrives at the transport site by diffusion (19) .
The mechanism(s) by which algal cells detect change in external Ci concentrations as well as the molecules responsible for initiating the induction or repression of the adaptation processes are not known. It has been suggested that the concentrations of various metabolites of either the photosynthetic or photorespiratory pathways may play a role in induction (14, 25) .
In this study, we have examined the effect of adaptation to air levels of CO2 on polypeptide biosynthesis and the expression of the 37 kD CA monomer. We have also isolated the gene coding for the periplasmic CA and have determined the effect of CO2 concentration and light on CA transcript abundance.
MATERIALS AND METHODS
Chlamydomonas reinhardtai, Bacterial Strains, and Phage. The relevant genotypes/phenotypes and sources of the various organisms are described in Table I . Algae C. reinhardtii were maintained on TAP agar (26) and grown in a minimal medium described by Spalding et al. (25) . Cultures were shaken and bubbled either with 5% CO2 in air or with air alone at 25°C and a light intensity of 300 ,uE m 2 s-' (400-700 nm). Escherichia coli strains were maintained and grown as previously described (12) . X-Phage gtl 1 was maintained and grown as per supplier's instructions (Promega Biotech Inc.) and as previously described (32).
Preparation of Antibodies. Periplasmic CA released into the medium by the C. reinhardtii cell wall-less mutant CW-1 5 was isolated and purified as previously described (7) . The antiserum was collected from the rabbit, and the IgG fraction was affinitypurified by passage over a CNBr-activated Sepharose 4B column (Pharmacia, Inc.) to which authentic C. reinhardtii CA had been bound (6) . Specificity of the antiserum and the affinity-purified IgG fraction was tested using immunodiffusion plates and crossed-immunoelectrophoresis (6, 7) .
In Vivo Labeling. In vivo labeling with [(5SJSO4, as described previously (8) , was used to examine polypeptides synthesized by BAILLY AND COLEMAN (8) .
Immunoblotting. Total soluble proteins, isolated from C. reinhardtii wild-type cells continuously grown on 5% CO2 or allowed to adapt to air levels of CO2 for specific periods of time, were obtained as previously described in this paper. After concentration by trichloroacetic acid precipitation, the polypeptides were electrophoresed on an SDS-polyacrylamide gel (7-15% linear gradient) (7) . The gels were stained for protein with Coomassie brilliant blue G-250 or used for electrotransfer of the proteins to nitrocellulose (Transblot BioRad, Inc.) following suppliers' instructions (Gelman Sciences, Inc.). For immunodetection of the CA polypeptide, the Western blot was preincubated in TBS (50 mM Tris-HCl [pH 8 .0], 150 mm NaCl) containing 5% skim milk powder (Carnation Inc.) for h prior to the addition of CA antibody (purified IgG fraction, 1 mg-ml-') at a final dilution of 1:20,000 (v/v). After an overnight incubation at room temperature, the blot was washed with TBS containing 0.05% (v/v) Tween (BioRad Inc.) (3 x 10 min) and horseradish peroxidase conjugated goat anti-rabbit IgG (BioRad Inc.) in TBS (final dilution of 1:1700 v/v) added. After a 1.5 h incubation at room temperature and three successive washes with TBS (10 min), bound immunocomplexes were detected by color development using 4-chloro-1-napthol.
Isolation of C. reinhardtii Nuclear DNA. Cells from a 3 L culture grown on a minimal medium were harvested by centrifugation (4,000g, 10 Construction of the C. reinhardtii Expression Library. The genomic expression library was constructed using the method described by Williams et al. (30) and employed the X-phage vector gtl 1 (32). C. reinhardtii nuclear DNA was sheared by sonication to an average fragment size of 4 kb, methylated with EcoRI methylase (Pharmacia, Inc.) and the fragments blunt ended with T4 polymerase and a 0.1 mm solution of dATP, dTTP, dCTP, and dGTP (Bethesda Research Labs, Inc.). After sequential extractions with phenol and chloroform, the DNA was concentrated by ethanol precipitation, ligated with T4 ligase (Pharmacia, Inc.) to prephosphorylated EcoRI linkers (International Biotechnologies, Inc.), digested with EcoRI endonuclease, and then size-fractionated by electrophoresis on a 1.1% agarose gel (12) . Fragments 2 to 8 kb in size were isolated from the agarose and were sequentially extracted with phenol and chloroform; was ethanol precipitated and then ligated to EcoRI restricted, dephosphorylated gtl 1 phage (Promega Biotech, Inc.). The ligated DNA was packaged in vitro (Packagene, Promega Biotech, Inc.), and the primary library (approximately 2 x I07 recombinants) was amplified on E. coli strain Y1088 (32).
Screening of Chlamydomonas Expression Library. After amplification, X-gtl 1 phage library was initially screened on the E. coli strain Y1090 at a density of 10,000 plaque-forming units per plate using the affinity-purified anti-CA IgG fraction and the method previously described (30). Plaques corresponding to positive immunosignals were picked, amplified, and rescreened until greater than 95% on all plaques yielded positive signals, DNA was isolated from the positive clones, and the C. reinhardtii genomic DNA insert was recovered by digestion with EcoRI (Pharmacia) followed by electrophoresis and excision from a 0.7% low melting temperature agarose gel. The EcoRI fragments were subsequently recloned into the plasmid vector pUC9 using standard techniques (12) .
Isolation of RNA, Hybrid Arrest, and In Vitro Translation. Total cellular RNA was isolated from cells grown under the appropriate growth conditions as described previously (8) . Poly(A) RNA was selected from the total RNA with a poly (U)-derivatized Sepharose 4B column (8) . The protocol used in the hybrid arrest experiments was essentially as described previously (17) . In vitro translations by hybrid arrested RNA and poly(A) RNA were performed following manufacturer's instructions, using a reticulocyte lysate system (BRL, Inc.) followed by SDSpolyacrylamide gel and autoradiogram analysis (8) .
Southern Hybridizations. C. reinhardtii genomic DNA was digested with various restriction endonucleases as specified by the suppliers, and the fragments were separated by overnight electrophoresis on 0.7% agarose gels. Southern transfer to nitrocellulose was performed as described previously (12 Figure   3 The 2.5 kb fragment was hybridized to a Southern blot of C. reinhardtii genomic DNA that had been digested with three restriction endonucleases (Fig. 4) . One reinhardtii grown in high CO2 and from cells exposed to air for varying periods of time in the light (Fig. 5) . The hybridization pattern of the 32P-labeled CA gene probe to the RNA is shown in Figure 5b . Significant amounts of the 1.4 kb CA mRNA were found after 1 h exposure to air with a maximum reached after 3 h. This was followed by a decline in message abundance to levels found in fully air-adapted cells. No hybridization was observed with RNA isolated from cells maintained on high CO2. oRt ites were Within 10 min of transfer from air to high C02, there was a itii DNA frag-noticeable decline in the mRNA abundance. After a period of cut the cloned 60 mm air exposure, little if any hybridization to CA mRNA eoRI, EcoRV, was detected. The effect of light on the induction or repression of the CA (2.1 kb) CA2 mRNA was also examined (Fig. 7) . Exposure of air-adapted C. ing region or reinhardtii to high CO2 levels in the light or the dark for 3 h ntation with resulted in the elimination of the 1.4 kb CA transcript (Fig. 7,   lanes 1, 2, and 3 ). In the reciprocal experiment, the exposure of ONA was also C02-adapted cells to air levels ofCO2 resulted in some induction n air-adapted of the 1.4 kb transcript in the dark as well as the anticipated t, prior to in abundant synthesis in the light (Fig. 7, lanes 4, 5, and 6 ). in the elimtion products DISCUSSION the effect of le regulation
The transfer of high-CO2-grown C. reinhardtii to air levels of CO2 results in an increase in their photosynthetic affinity for Ci (3), CA activity (5, 17, 21) , and capacity for Ci accumulation (1, 10, 15) . The data shown in Figures 1 and 2 reveal that the adaptation process has a number of effects on protein synthesis. The transitory appearance of the two polypeptides R and S (Fig.  1 ) against a background ofgeneral inhibition of protein synthesis is somewhat similar to that seen in heat shock and other stress experiments (1 1). Labeling studies with cyanobacteria adapting to low CO2 conditions after growth on high CO2 also show a similar pattern of general inhibition of protein synthesis with the exception of a 42,000 D cytoplasmic membrane polypeptide that was rapidly synthesized and accumulated during the adaptation process (22) . This polypeptide has been implicated in the Ci transport system of the cyanobacteria.
The pattern of synthesis exhibited by polypeptide X (Fig. 1 ) and the periplasmic CA (Fig. 2) is similar to that of the cyanobacterial 42,000 D polypeptide. These nascent proteins appear rapidly after transfer to air levels of CO2 and then accumulate over the adaptation period. The identity of polypeptide X has not been determined. Speculation that it might be the unprocessed (immature) small subunit of RuBP carboxylase has been shown to be incorrect. The unprocessed small subunit of RuBP carboxylase, obtained by in vitro translation of C. reinhardtii poly(A) RNA and immunoprecipitation, was approximately 22,000 D (8) whereas protein X is approximately 20,000 D. We are now attempting to localize and characterize this air-induced polypeptide.
The linear accumulation of the CA monomer parallels the increase in CA activity measured over the induction period (7). The immunosignal can be resolved as a doublet, an observation that has been made previously after in vivo labeling experiments (7) . These two diffuse bands have been shown to contain one antigenic component and may represent different glycosylation states of the CA monomer or may occur as a result of proteolysis (despite the addition of protease inhibitors) (7, 8) . ofCO2 but allowed to adapt to air levels ofCO2. No hybridization signal was observed when the RNA was isolated from cells maintained on high levels of CO2. Only one transcript of approximately 1.4 kb was found to hybridize to the CAl probe. This transcript is of more than sufficient length to encode the estimated number of amino acids required for the mature CA protein and the putative signal peptide (8, 28) . Hybrid arrest of translation also confirmed that the CAl fragment contains the coding region for at least the N-terminus of the CA polypeptide, as the formation of a CA1-RNA (isolated from air-adapted cells) duplex abolished the synthesis of an immunoprecipitable product.
The Northern blot data are consistent with previously performed in vitro translation experiments (8) . The 44 kD precursor of the 37 kD CA monomer could be immunologically detected in the translation products when a reticulocyte lysate system was primed with poly(A) RNA isolated from air-adapted C. reinhardtii or from 5% C02-grown cells transferred 12 h to air. Polypeptide profiles of translations primed with poly(A) RNA isolated from cells maintained on 5% CO2 did not contain the CA precursor.
Although it was anticipated with the CA mRNA abundance would increase rapidly after transfer of high CO2 grown cells to air levels of C02, the rapidity of transcription termination and elimination of the CA mRNA upon transfer of air-adapted cells into a high CO2 environment is surprising. It Interpretation of the data in this report allow us to comment on the nature of the regulatory molecules responsible for initiating adaptation to external C1 concentrations. The observed increase in CA transcript abundance upon adaptation to air levels of CO2 suggests an induction or derepression of transcription of the CA gene. As CA activity induction depends on the operation of the full photosynthetic apparatus (17) , the intermediates of photosynthetic or photorespiratory carbon metabolism have been implicated as inducers of the low CO2 syndrome (14, 25) . The observation that the induction or repression of the CA transcript levels can occur in the dark casts some doubt on their role in this process.
Production of CA may be regulated by a derepression of CA mRNA synthesis. The inverse correlation of CA mRNA abundance and CO2 levels suggests that C1 may serve a regulatory function at the molecular level. Similar examples of a physiological control acting at the level of RNA synthesis have been documented. For example, in Saccharomyces cerevisiae, under conditions of limiting external inorganic phosphate (Pi), a concomitant increase in acid phosphatase (APase), and APase mRNA was reported (5) . The appearance of APase mRNA upon lowering of Pi was attributed to the removal of the repressor Pi or poly Pi.
We are continuing our studies on the regulation of the CA gene transcription in C. reinhardtii by examining rates of mRNA synthesis during adaptation to the external Ci concentrations. We are also attempting to identify the regulatory molecules that control this process.
